A study was carried out on aging behaviour of a 6082 alloy processed by two different severe plastic deformation techniques: ECAP and asymmetric rolling. Both techniques were able to generate an ultrafine-grained structure in samples processed at room temperature. It was stated that severe straining promotes marked changes in the postdeformation aging kinetics. The peaks of β /β transition phases were anticipated and of progressively reduced intensity over the coarse grained alloy. A further peak accounting for onset of recrystallization also appeared in the most severely deformed samples. Full consistency in peak shape and position was found when comparing materials processed by ECAP and asymmetric rolling. Isothermal aging treatments performed at 180
Introduction
Wrought Al-Mg-Si alloys (6xxx series aluminum alloys) are widely used for structural applications in aerospace and automotive industries owing to their strength, formability, weldability, corrosion resistance, and cost. The age hardening response of 6xxx series alloys can be very significant, leading to remarkable improvement of strength after an appropriate heat treatment. Their precipitation sequence has been reported in numerous research works, and a satisfactory agreement on phase evolution occurring during aging has been achieved [1] [2] [3] [4] [5] [6] [7] . A large number of wrought Al-Mg-Si alloys contain an excess of Si, above that required to form the Mg 2 Si (β) phase, to improve the age hardening response. For these alloys, the accepted precipitation sequence starting from a supersaturated solid solution is separate clusters of Si and Mg atoms, coclusters containing Mg and Si atoms, spherical GP zones, needle-like metastable β phase, rodlike metastable β phase, Si precipitates, and platelets of equilibrium β phase. Among these, the β precipitates are considered to give the main contribution to strength and hence they are mostly responsible for the peak age hardening effect [2, 4, 5, 8] .
Several research works showed that the precipitation kinetics and even precipitation sequence are changed when the alloy structure is plastically deformed. Zhen et al. [5, 9] showed that when Al-Mg-Si alloys had been extensively cold rolled, their aging curves featured a decrease of the precipitation temperatures of some phases. It was suggested that the increased density of defects in the crystal structure would enhance appreciably the diffusion distance of Si and hence promote the formation of a more obvious peak for the GP zones, the anticipation of the metastable β /β peak temperatures, and the reduction of the amount of Si and Mg 2 Si phases that eventually formed.
Similar modifications in the precipitation sequence were also found in alloys deformed in the severe plastic deformation (SPD) regime, to produce ultrafine-grained alloys. Murayama et al. [10] investigated a solution treated Al-Cu binary alloy processed by equal channel angular pressing (ECAP) to refine its structure at room temperature. By careful DSC and TEM analyses, they stated that during post-ECAP aging, the formation of GP zones and of transition θ precipitates was suppressed and that the precipitation of θ and θ (Al 2 Cu) phases was enhanced and occurred at lower temperatures in the heavily deformed structure of 2 Journal of Metallurgy [11] consistently stated that in a laboratory Al-4 wt.% Cu alloy severely deformed after solution annealing, copious precipitation of θ phase occurred at grain boundaries on natural aging, while no indication of θ , θ , or GP zones formation was observed. Gubicza et al. [12] obtained similar conclusions on supersaturated Al-Zn-Mg alloys processed by ECAP at 200
• C. They observed that high-temperature straining suppresses the formation of GP zones and η transition precipitates while enhancing the precipitation kinetics of the η precipitates over the conventionally solution treated and artificially aged alloys.
Information on aging response of SPD-processed 6xxx alloys is also available. Roven and coauthors [8] investigated the precipitation behaviour of a 6063 alloy during ECAP at RT and at 175
• C and found that spherical β precipitates are dynamically formed from the as-solutionized alloy during SPD even at RT, instead of the needle-like β transition precipitates that are usually observed in conventionally aged alloys. Some of the present authors [13, 14] investigated the aging behaviour of several wrought alloys of the Al-Mg-Si system after ECAP and showed that precipitation kinetics in the ultrafine-grained alloys was markedly accelerated over the coarse-grained materials. It was also demonstrated that the formation of β /β phases occurred at lower temperatures with increasing ECAP strain, whereas β precipitation was strongly reduced due to expected formation of competing Si-rich phases in the heavily deformed structure.
In the present paper, comparative results are presented on post-SPD aging behaviour of a commercial 6082 Al alloy severely deformed at room temperature by two different techniques. Available data on ECAP processed alloys in the as-solution annealed condition are compared to results obtained on the same materials deformed by asymmetric rolling. Investigations on aging kinetics and structure development allowed to draw conclusions on aging behaviour aimed at defining optimal parameters and treatment feasibility for ultrafine-grained Al-Mg-Si alloys.
Materials and Experimental Procedures
A commercial 6082 Al alloy supplied in the form of extruded bars was investigated. The alloy chemical composition is given in Table 1 .
For ECAP processing, samples having a length of 100 mm and a diameter of 10 mm were cut from the bars, solution treated in a muffle furnace at 530
• C for 2 hours and water quenched.
ECAP pressing was carried out using a die with channels intersecting at an angle Φ of 90
• and with an external curvature angle Ψ of 20
• , corresponding to a theoretical strain of 1.05 for each pass [15] . Samples were processed at room temperature by the so-called route C (rotation by 180
• of the specimen at each pass) to accumulate up to six passes. The experimental details of the ECAP facility and material processing are described elsewhere [16] .
For asymmetric rolling (ASR) in the SPD regime, samples having a thickness of 20 mm and width of 40 mm were cut and subjected to the same solution treatment above mentioned. Cold rolling reduction was performed down to a thickness of 0,23 mm by a multipass procedure with no intermediate annealing treatments. The rolling schedule consisted of thickness reductions of about 20% at each step and the rotation of the billet along its longitudinal axis before each pass (a procedure equivalent to route C adopted for ECAP). The asymmetry ratio, namely, the rotational speed ratio between the two rolls, was set to 1,4 on the basis of previous studies [17] . A laboratory rolling mill in a twohigh configuration, featuring the possibility of independently modifying the rotational speed of the rolls, was adopted for this purpose.
Analyses on grain structure evolution and on precipitates developed in SPD processed and aged samples was performed by TEM. Disk samples were prepared by cutting disks from ECAP billets and rolled samples, manually grinding and polishing. Twin jet electrolytic thinning was then carried out at −35
• C with a 30% HNO 3 solution in methanol at 18 V. Samples of the processed alloy were subjected to DSC analyses to investigate the influence of SPD on precipitation kinetics. Runs were carried out on samples having a weight of about 50 mg in a purified argon atmosphere with a scanning rate of 20
• C/min. The effects associated to transformation reactions were isolated by subtracting a baseline recorded form high-purity Al runs.
Vickers microhardness adopting a load on the indenter of 1 N was adopted to evaluate modification of alloy strength. Evolution of microhardness was assessed as a function of aging time during isothermal treatments at temperatures of 180 and 130
• C. The profiles allowed to state the peakhardness aging times of the processed alloy as a function of the strain imparted either by ECAP or by ASR. Comparative results are presented in this paper considering the equivalent strain experienced. For ECAP, the Iwahashi equivalent strain was calculated [15] whereas for ASR, the equivalent Von Mises strain was evaluated, assuming plane strain deformation [18] , by
with h 0 and h f being the initial and final thickness, respectively, and ∅ a parameter accounting for the asymmetry effects.
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Grain Structure after SPD.
In Figures 1 and 2 , sets of representative micrographs showing the initial solution annealed coarse structure and its evolution toward the ultrafine scale by ECAP and ASR are reported. Details of the microstructure evolution during ECAP and ASR processing have already been published elsewhere [13, 17] . It is worth considering here that for both processes, after the first passes, sets of parallel bands of subgrains a few hundreds of micrometers in width are formed. By increasing the number of passes, the subboundary misalignment increased (as inferred by the increased spreading of the spots of the SAD patterns). Eventually, subgrain fragmentation and further increase of the misalignment led to an ultrafine equiaxed high-angle grain structure. For both processes, the average grain size achieved after the highest imparted strain (6 ECAP passes corresponding to an equivalent strain of 6,33 and reduction down to a thickness of 0,23 mm, corresponding to an equivalent strain of 5,50 for asymmetric rolling) was of about 300 nm. Figure 3 summarizes typical DSC runs recorded as a function of ECAP passes and equivalent strain given by ASR of the solution-treated 6082 alloy. The thermograms of the unprocessed solution treated alloy match the established aging sequence of this alloy [1] [2] [3] 9] . In particular, the broad exothermic peak (upward peak) in the plot of Figure 3 (a) at 305
Differential Scanning Calorimetry.
• C, often interpreted as two partially superimposed subpeaks, corresponds to the formation of β and β metastable precipitates at about 270
• C and 330
• C, respectively. More specifically, it was suggested that the subpeak at 270
• C could also be related to precipitation of tiny Si-rich particles acting as precursors for the formation of the β phase and that the peak at 330
• C corresponds to formation of both rod-shaped β phase and relatively large Si-rich precipitates [1, 2, 9] . A dissolution endothermic trough (downward peak in the plot) of the above phases follows at about 400
• C, while the second marked exothermic peak at 460
• C and the corresponding endothermic trough at 520
• C are related to the formation and dissolution of the equilibrium β-Mg 2 Si phase.
The ECAP processed alloys (see Figure 3 (a)) feature marked differences in position and shape of the peaks. The above described broad peak related to the formation of β and β phases now appears as a more narrow peak centred at 275
• C, irrespective of the number of ECAP passes experienced. The formation of the stable β precipitates in the severely deformed alloy revealed to be markedly anticipated (405-415
• C) and of progressively reduced intensity with respect to the unprocessed solution treated alloy. It is also worth noting that a new peak appears at about 330
• C in the alloy processed to 4 and 6 ECAP passes and in ASR samples deformed to similar equivalent strains (see arrows in Figures 3(a) and 3(b) ). In a previous study, some of the present authors focussed on the interpretation of aging peaks of ECAP processed Al-Mg-Si alloys of similar composition [14] . By TEM analysis of samples aged in the DSC just immediately before the onset, and after the offset of this peak, they were able to demonstrate that this unexpected hump detected in the most strain-hardened samples was related to recrystallization phenomena that became more evident and developed at decreasing temperatures as ECAP strain increased.
Finally, comparison between Figures 3(a) and 3(b) supplies evidence about similarities of effects promoted by ECAP and ASR processes. Inspection of the thermograms reveals full consistency of peak positions as a function of strain (it is to remind that each ECAP pass corresponds to a strain of 1,05) for the two SPD techniques here considered. The only difference concerns the amplitude of precipitate peaks that is supposed to be due to different weight of samples. Indeed, due to geometrical constraints, the samples cut from the ASR thin sheets had a less regular shape with a higher surface/volume ratio.
While information on ECAP effects on aging was already available in the literature owing to a number of published research studies [8, [10] [11] [12] 19] , data on aging behaviour in Al alloys severely deformed by cold rolling are relatively less frequent. The present data on aging of ASR performed in the severe deformation regime (up to 5,50 equivalent strain) are indeed in good agreement with established evidence showing that kinetics and morphology of transition precipitates are deeply altered by SPD and that new opportunities for isothermal aging at lower temperatures deserve to be explored owing to accelerated diffusion of alloying elements in the heavily dislocated alloy structure. It is worth mentioning that studies were carried recently on 6061 and 6063 Al alloys subjected to room temperature and cryogenic rolling in the severe plastic deformation regime [20, 21] . It was observed that low-temperature processing causes substantial suppression of structure recovery during straining and hence preserves higher dislocation densities in the samples, increasing the driving force for sub-microcrystalline grain development. This feature was more significant when presolution annealed alloys were processed due to effects of solute elements (mainly Mg and Si for 6xxx series alloys) in pinning dislocations and retarding their annihilation during deformation.
A further issue related to aging of UFG structures was considered by Chinh and coauthors [22] who proposed several strategies for processing age-hardenable alloys. It was stated that for Al-Mg-Zn-Zr alloys, ECAP processing should be performed immediately after quenching or at least within a very short period of preaging, to avoid excessive strengthening effects related to anticipated aging and hence formation of cracks during further ECAP passes.
Aging Kinetics. Post-SPD aging behaviour was further investigated by isothermal treatments at 130 and 180
• C. The evolution of microhardness as a function of aging time at the above-mentioned temperatures is depicted in Figures 4  and 5 .
When comparing the peak-hardness times as a function of the amount of strain experienced by the alloy prior to the aging treatment, it is readily confirmed that severe plastic deformation remarkably accelerates the aging kinetics, consistently with previous DSC results. For the alloy processed to the highest strain levels (e.g., 6 passes by ECAP and 5,50 equivalent strain by ASR), aging at 180
• C became so fast Figure 6 : Morphology of strengthening precipitates detected in (a) solution annealed and peak aged coarse-grained alloy, (b) presolution annealed and peak-aged after 1 ECAP pass, (c) presolution annealed and peak-aged after 6 ECAP passes [13] .
that the hardness curves continuously decreased, starting from beginning of the aging treatment (see Figure 4) . It must be considered that during aging, recovery of the heavily deformed structure and precipitation from the supersaturated solution can simultaneously occur. The former mechanism lowers defect density, which results in decreasing strength, the latter contributes to increased density of dispersoids and hence improves the strengthening effect. The continuous loss of hardness detected during aging at 180
• C here reported is therefore supposed to be due to overwhelming restoration mechanisms of the deformed structure over the precipitation hardening potential, in good accordance with other literature reports [19] . The data shown in Figure 5 suggests that isothermal aging carried out at 130
• C on presolutionised and SPD processed alloys could supply interesting opportunities for fully exploiting the precipitate hardening effects while controlling the stored energy in the structure. This evidence is confirmed by investigations carried out by Panigrahi et al. [21] and by Niranjani et al. [23] showing that even temperatures as low as 100
• C can be successfully selected for aging of Al-Mg-Si alloys after severe plastic deformation by rolling. Nikitina et al. [24] considered an Al-Cu-Mg-Si alloy processed by HPT and investigated structural stability and aging behaviour of the UFG alloy. Also these authors found evidence of a markedly anticipated aging behaviour by DSC and highlighted by microhardness measurements that the SPD processed samples underwent significant softening during treatments at temperatures exceeding 175
• C even for aging times as low as 30 minutes. From present data, it can be suggested that a proper combination of grain-refinement strengthening and agehardening can be fully exploited in solution annealed UFG alloys only when isothermal aging is performed at temperatures significantly lower than conventional values and for shorter periods that have to be tailored to specific amount of strain imparted during SPD and alloy composition. Stability of UFG structure would also be preserved by the addition of dispersoid-forming elements that could retard restoration during aging [14] .
Strengthening Precipitates.
Investigation on the strengthening precipitate structure found in the SPD processed samples was carried out only on a limited number of ECAP conditions [13] . Figure 6 depicts a colletion of TEM micrographs taken from ECAP samples peak aged at 130
• C. The peak aging time of each condition was selected on the basis of the hardness curves previously reported in Figure 5 (a). The solution annealed and peak aged 6082 alloy (undeformed sample) featured a dispersion of about 0,1 μm long rod-like phases identified as β precipitates on the basis of their morphology [1, 2] together with globular particles with an average size of 50 nm. In the ECAP processed samples shown in Figures 6(b) and 6(c), arrangement of dislocation in the matrix was observed according to expected recovery mechanisms acting during aging. Moreover, the above-mentioned globular particles became predominant over the rod-like precipitates.
Conclusions
A study was carried out on aging of a 6082 alloy processed by two different severe plastic deformation techniques. From comparative analysis of the results, the following conclusions can be drawn.
(i) Both ECAP and ASR were able to generate an ultrafine structure consisting of equiaxed grains after extensive deformation at room temperature. At the highest strain investigated, of 6 ECAP passes (corresponding to an equivalent strain of 6,33) and of an equivalent strain of 5,50 given by ASR, an average grain size of about 300 nm was detected.
(ii) DSC analyses revealed that SPD carried out on the presolution annealed alloy promotes marked changes in the postdeformation aging kinetics. The peaks of β /β transition phases were anticipated and of progressively reduced intensity over the conventional coarse grained (not processed by SPD) alloy. A peak accounting for onset of recrystallization also appeared in samples deformed for more than 4 passes by ECAP or rolled by ASR at equivalent strains exceeding 3. A full consistency in peak shape and position was found when comparing materials processed by the two SPD techniques and strained at comparable levels.
(iii) Isothermal aging treatments performed at 130 and 180
• C on the presolution annealed and SPD processed samples were considered to establish optimal aging times and to evaluate the achievable strength by microhardness. It was confirmed that SPD remarkably accelerates the aging kinetics. For the alloy processed to the highest strain levels, aging at 180
• C became so fast that the hardness curves continuously decreased due to overwhelming effects of structure restoration. On the contrary, aging carried out at 130
• C offered good opportunities for fully exploiting the precipitate hardening effects, while preserving the ultrafine-grained structure.
(iv) TEM investigations performed on selected samples aged at 130
• C to peak hardness condition showed that the rod-like β transition phase typically found in the coarse grained samples was progressively replaced by globular precipitates in ultrafine SPD processed samples.
(v) The experimental data here presented suggest that a proper combination of grain-refinement strengthening and age-hardening can be fully exploited in solution annealed UFG alloys only when isothermal aging is performed at temperatures significantly lower than conventional values and for shorter periods. Aging conditions have to be tailored to specific amount of strain imparted during SPD and to alloy composition.
